Abstract-This paper presents a new work on compliant motion control for position-controlled manipulators. Two new methods for achieving efficient interaction between the manipulator and its environment are developed. In both methods, the compliance is formulated as a function of the interaction force. The first method uses an adaptive element to update the compliance, while the second one adopts a scheme that is believed to be used in human beings to control the stiffness of muscles. The stability of the system is investigated using the small gain theorem. Experiments are conducted in our lab to demonstrate the use of such schemes.
I. INTRODUCTION
OST of the applications in the manufacturing and service industries require manipulators to make contact with the environment [l] [2] [3] [4] . For example, inserting a peg in a hole, turning a crank, grinding, polishing, teleoperation, and bending a flexible beam. Its common to all of those applications that the motion of the manipulator's end-effector is constrained by the environment. There are two approaches to deal with this problem. One approach uses a hybrid position/force control scheme [ 5 ] . The second approach realizes the fact that the end-effector must comply with the interaction force [l] . Otherwise, rejecting the interaction force might result in instability.
Compliant motion control can be achieved by either controlling the manipulator's joint torques or by controlling the position command to a position-controlled manipulator [l] [B] [7] . In the first approach, the controller calculates the joint torques such that the desired behavior is achieved. However, most of the manipulators are equipped with a position controller and often the joint torques cannot be directly controlled. In addition, the transition from free motion to constrained one is not very smooth. These problems were overcomed in the second approach. Thus, in the second approach, an external control loop is used to provide the manipulator with the set-points such that the desired compliance can be achieved.
The core of the compliant motion is the concept of mechanical impedance [8] in which both the dynamic behavior and the position of the manipulator are controlled. Kazerooni et al. [l] addressed the compliant motion in the frequency domain as a stabilizing dynamic compensator. Force control can be effectively achieved using adaptive compliant control schemes [SI. Compliant motion can be used in the coordination of two robots to perform complicated tasks. Tao et al. [a] proposed the use of a compliant control to coordinate two robots operated in a master/slave mode.
Stability analysis of several compliant control schemes has been addressed by several researchers [lo] [7] [ l l ] . The stability depends on the desired parameters of the impedance and the impedance of the environment [lo] [7] . Kazerooni [ll] provided a nonlinear approach to analyze the stability of the compliant motion.
In compliant motion control, force information from a sensor is used to drive an impedance to modulate the dynamics of the manipulator. However, if the nature of the force is changed, the same impedance is used to accommodate the force. In human beings and mammalian, the parameters of the impedance are automatically changed in accordance with the nature of the force.
In this paper, two compliant motion control schemes are proposed. In the first scheme, the compliance of the manipulator is changed in accordance with the sensed force and varies in a way that minimizes the interaction forces. The second method uses a mechanism that was developed to model the way in which human muscles change their stiffness according to the force. The stability of the proposed schemes is investigated using the small gain theorem. This paper is organized as follows. Intelligent coinpliant motion control is formulated in the nest section biology based compliant motion control is introduced in the third section, while the fourth section is devoted to stability analysis of the system. The fifth section presents the experimental results. Finally, the paper is concluded in the sixth section.
INTELLIGENT COMPLIANT MOTION CONTROL
We will consider the case where the Compliance is provided for the robot using an external control loop as shown in Fig. 1 . However, the concept, that will be introduced here can be applied to other forms of coin- we will assume that the position control system decouples the dynamics of the robot and provide position tracking in the Cartesian coordinates. Furthermore, a second order linear system will be used to model the end-effector posit,ioning system along each coordinate, i.e., where a:d is the desired position/orientation, W O is the natural frequency, p is the differential operator, and is the damping ratio.
Compliant motion controllers specify the relation between the force measured at the end-effector and the deviation from the desired trajectory. This can be achieved by using an external control loop which is sensitized by the force sensed by a wrist sensor (see Fig. 2 ). Mostly, it is desirable to have the end-effector behaving as a spring-damper, i.e, where Sa: is the deviation from the desired trajectory, b is the damping of the damper, k is the stiffness of the spring, and F is the force exerted on the end-effector.
The quantity & is referred to as the compliance.
In conventional compliant motion control schemes, the parameters b and k in ( 2 ) are constants while, on the other hand, adaptive compliant controller uses a time varying parameters and some other additional time varying terms to ensure stability. Nonetheless, an intelligent compliant control scheme similar to that in human beings can be used to provide a mechanism for the manipulator to interact with a complicated environment. Consider a compensator H defined such that:
where c is a gain used for controlling the compliance. The interaction force F is assumed to be :
where IC, is the equivalent stiffness of the environment and the fforce sensor and xe is the nominal position of the environment. We will assume that x e is zero for simplicity of presentat,ion. The end-effector position/orientation can be expressed as:
and the force is given by:
In human beings, the stiffness of the arm varies with the load sensed by the force sensors. If the load on the arm is increased, a reflexive action is triggered which increases the stiffness according to the increase of the load. This motivates us to do similar thing for the compliance in robotics. However, the muscles in biological systems are inherent elastic devices while in a position-controlled manipulator, the end-effector is a rigid device. Therefore, we should use a mechanism which oplposes what is beleived to take place in biological systems.
In this new approach, the compliance parameter c is modified such that:
where 1 is a positive constant. One can see that the compliance changes according to the change in the force. If the force changes, the compliance will increase or decrease accordingly. Moreover, this change is relative to {,he force itself. One can show that the compliance is moving in the direction that minimizes the following cost function:
If choose the gradient method, we obtain where ' U is a positive constant,. From (8) we have:
From ( 6 ) we obtain: and One can see that changes in c oppose changes in I-,. Furthermore, we can express (11) in terms of (12) to obtain:
dC d1ie Substituting (13) in (9), we obtain:
One can estimate the unknowns in (14) using the fact that I<, 2 0 and
where v is some positive constant. Using those bounds, we can simplify Ac in (14) to obtain:
where 1 is some positive constant. To estimate e, any change in the force is assumed to be a change in the stiffness. This assumption is very reasonable in the context of compliant motion. The manipulator and even human being see changes in the sensed force. Those change in the force are always interpreted as changes in the stiffness of the environment. For example, if an external force is applied to the environment or if the desired force change, this is interpreted as change in the stiffness of the environment. Thus, an estimate of 2.E would be the change in the force. Substituting for aKe -we get:
A c = I(F[t] -F[t -A t ] ) F [ t ] .
(17)
BIOLOGY BASED COMPLIANT MOTION
Biological studies believe that stiffness of the muscle including its spinal reflex system grows exponentially with the force. We propose a similar approach in robotics. To do so, one can notice that the change in the force due to the change in the gain c is negative. This means that increasing the gain will decrease the force. The gain can be change exponentially with the force such that: This a static compliant motion control algorithm that modifies the compliance as a function of the interaction force. Note that if the interaction force is very large, the parameter c will be bounded by v. Furthermore, one can add a control signal to (18) to provide a mechanism to modify the gain adaptively. This can be done by modifying Q such that.
where 1 is a positive constant. This dynamic algorithm provides a higher level of intelligence t80 the rnanipulator.
One can prove that the gain c is changing in a manner that will minimize the cost function in (8). Consider the derivative of (18), we obtain:
We can see that has the same form as in (17) 
One can assume that the compensator H is a minimum phase. Thus, one can obtain:
where e = T -y and T = H-lixd (see Fig. 3 ).
We 
for some c q , 01 2 0. Consider the case where I2,GH
is Lp-stable operator, then
and for some a2, ,& 2 0. Then, the system shown in Fig.   3 is Lp-stable if the following condition is satisfied:
ala2 < 1.
Since all the operators in (26) are linear operators, one can further simplify (27) to:
Thus, we can ensure the stability of the system if c is bounded such that (28) is satisfied. The bouiids on c can be investigated for both of the proposed schemes. In the first scheme, one can study a specific interaction force and find a bound on c. However, one can limit the variation of c within the stability limit. That is, if c becomes on the stability boundaries, it should be moved into the stability region. The bounds on c can be easily investigated for the second approach. It is clear from (18) that c is bounded within the region [O, v] . This is the same for the dynamic case except that we must keep a 2 0.
V. EXPERIMENTAL STUDY
We have conducted experiments to demonstrate and verify the proposed schemes. In our experiments, we used two PUMA 560 robots to bend two aluminum sheets that have a sponge filling between them (Fig. 4) .
Each robot held one end of the sheet. One of the robots was equipped with a multi-axis force/torque sensor and used to bend the sheet.
We selected this experiment because of the nonlinearity in the stiffness of the aluminum sheet. In addition, we used the sponge to introduce some spikes in the stiffness of the sheets. Trajectories for the bending of a flexible beam has been recently investigated in [4].
We selected to use a single robot for the purpose of simplicity. The bending moment was used as a criterion for the performance of the bending process 141. The reason for that was the fact that in the optimal case, the robot only provided a bending force and the bending moment was zero [13] . In the experiments (Fig. 51 , the robot bent the sheets by the specified bending angle. After that, it extended the sheets to the original position.
The data from the force sensor was very noisy. To reduce the noise, a low pass filter (LPF) with cutoff frequency of 10 Hz was added. The filter was implemented using finite impulse response (FIR) filter. We first ran the system without compliant control. The used trajectories were obtained in 1131. However, to control the robot motion, we used a piece-wise linear approximation of the optimal trajectories [4] . Thus, only at thie end-points of every linear piece, the bending moment was zero. Between two end-points, the bending moment could be very high.
We added compliance in two directions to reduce the bending forces and moments. The first direction was along the bending force, while the other was along the bending riioment. The force sensor was mounted at a distance L, from the center of the gripper (see Fig.   6 ). Thus, the forces exerted on the end-effector would cause a moment on the force sensor. This moment was subtracted from the sensed one. Fig. 7 shows the results when the linear piece is a 0.2 radian interval. One can see that the bending moment is peaked between two end-points. Furthermore, we can see the spikes in the momlant which is due to spikes in the stiffness of the sheets.
The intelligent compliant motion control scheme was implemented using a digital equivalent system. The adaptation rate was selected to be: Force Sensor Fig. 6 . Force sensor With a sampling rate of %.7Hz, the compensator parameters in (2) were selected to be: and The compliant controller clearly reduced moment as shown in Fig. 8. From Fig. 9 , one can see that the gain c was able to detect the changes in the stiffness of the environment.
In the case of biology based compliant motion control, we verified the static and dynamic schemes. The parameter v was the same in both cases. It was selected to be: 0 0 2 0
For the static scheme, CY was selected to be: Fig. 10 and Fig. 11 show the results using this scheme.
One can see that the compliance gain varies according to the interaction moment. In addition, it is smaller than that of the intelligent compliant motion control which means a smaller deviation from the desired trajectory.
In the dynamic case, the adaptation gain was selected to be:
The results using this scheme are shown in Fig. 12 and Fig. 13 . It should be noted that (30) -(34) are diagonal matrices. These are just for convenience of notation. In reality, force and moment are treated as individual scalars.
VI. CONCLUSIONS
In this paper, we proposed two new compliant motion control schemes. The proposed schemes were designed to minimized the interaction force between the manipulator and its environment. In the first scheme, we used the gradient method to update the compliace of the manipulator. Motivated by biological studies, we used a mechanism similar to what is believed to take place in biological systems to change the compliance in accordance with the interaction force. The stability of the system was investigated using the small gain theorem. Experiments were conducted in our lab to demonstrate the use of such schemes. En&lgmd. --d99m. 
